To test the validity of filipin cytochemistry for localization of cholesterol in testicular cells, we compared the results obtained by this technique with those obtained by a two-step enzymatic method involving cholesterol esterase and cholesterol oxidase. In all the animals models tested (guinea pig, mink, and mallard duck) the disappearance of subsurface filaments along Sertoli cell junctional membranes was accompanied by a significant increase in the number of ffipin-cholesterol complexes/pm* in these membranes. Enzyme histochemistry allowed localization of free cholesterol in the limiting membrane of multivesicular bodies, in membranes within lysosomes, in mitochondrial membranes, and in junctional membranes, with or without subsurface fila-ments. The method also permitted selective visualization of cholesterol esters in lipid droplets. We conclude that ffipin mapping of cholesterol induces &-negative cytochemical results. The enzymatic method is superior to ffipin because it allows localization of free cholesterol in junctional membranes and of cholesterol esters in lipid droplets. This compartmentalization of the compounds may represent the basis of a system that helps to maintain constant free cholesterol levels in the testis. (JHistOchem Cytochem 421539-1554,   1994) 
Introduction
The presence of lipids has been recorded in the interstitial cells of the testis (1) and near the base of the seminiferous epithelium (2) since the last century. In this location, cyclic variations in the number of lipid droplets have been documented (3-6). In addition to the generally accepted view that the droplets may contain triacylglycerols that give up free fatty acids for oxidation (7), the chemical nature of the lipids still remains to be elucidated. Therefore, we investigated the localization of one of these lipids, cholesterol, in testicular cells.
Biochemical studies (8, 9) reported useful data on cholesterol but did not demonstrate its localization in the testis. Lipid-soluble dyes such as Oil red 0 (3,lO) and Sudan black B (11-14) have been used to stain testicular neutral fats and esters of cholesterol whose acyl groups are unsaturated. Impurities in fresh solutions of Sudan black B have been reported to give false-positive identification of lipids (15) and to stain indiscriminately virtually all lipids (16, 17 saturated sterols in the testis (19-22). but Pearse (23) cautioned that this was not a specific test and that glyceride crystals and noncholesterol steroids could also be stained. Even immunological probes for cholesterol have been largely restricted to non-biological materials (24), perhaps because of the high concentrations the method required for identification of the compound (25). The sensitive acetone-soluble birefringence test has been used for detection of esterified cholesterol in Leydig cells (26, 27) and Sertoli cells (28). Unfortunately, the aforementioned methods require cryostat sections of unfixed tissues, which do not preserve the spermatid's acrosome, a structure indispensable for definition of the stages of the cycle of the seminiferous epithelium. Moreover, early studies (10) used techniques that were not applicable to electron microscopy, and hence they could not decide whether the observed lipids belonged to the Sertoli cells or to the germ cells.
A few methods allow ultrastructural visualization of cholesterol. We compared two of them, filipin cytochemistry and enzymatic cytochemistry. The polyene antibiotic filipin specifically induces distinctive 25-nm perturbations at the sites of cholesterol in membranes of mammalian cells (29-34). The enzymatic technique was initially developed by Allain et al. (35) for determination of serum cholesterol levels. It was modified for localization of cholesterol by light microscopy by Emeis et al. (36) and was used successfully by Jones and Miyai (37) to visualize free and esterified cholesterol in adrenal cells by electron microscopy. The technique takes advantage of the fact that, in the presence of cholesterol oxidase and cholesterol esterase, free and esterified cholesterol release cholestenone and H202. The latter metabolite oxidizes 3,3-diaminobenzidine (DAB) at the site of its production in the presence of horseradish peroxidase (HRP). Selective visualization of the esterified and unesterified compounds is achieved by omitting the first step of ester hydrolysis or by removal of the free cholesterol, respectively (36) .
Free cholesterol has been documented to be the substrate for both filipin (29, 31) and cholesterol oxidase (38) . Consequently, we aimed to test whether localization of free cholesterol yielded similar results when these two methods were used. Furthermore, the present study sought to determine if, when no filipin-cholesterol complexes were detected in Sertoli cell junctional membranes, this implied that the membranes were poor in cholesterol or rather that filipin could not deform membranes made rigid by the presence of subsurface filaments along the junctions. To address this question, we first chose the guinea pig over the rat because in the latter, testicular cells contain only a few lipids, particularly the Leydig cells, and second, we chose animal models in which filaments accompanying Sertoli cell junctional membranes periodically appear and/or disappear because of either the seasonal reproductive cycle, i.e., mink and mallard duck, the normal development of the testis in the newborn guinea pig, or the experimental induction of testicular regression by long-term cryptorchidism in the adult guinea pig. Moreover, the rationale for studying filipin-cholesterol complex distribution in the two distinct seasonal breeders was that the time periods of appearance and disappearance of subsurface filaments beneath the Sertoli cell junctions are opposite in each species: i.e., filaments are observed during the active spermatogenic phase in the mink (39,40) and, conversely, during testicular regression in the mallard duck (41).
The present data show that filipin mapping of cholesterol induced false-negative cytochemical results and that the enzymatic method is superior to filipin because it allows localization of free cholesterol in junctional membranes and permits visualization of cholesterol esters in lipid droplets. This compartmentalization of the compounds may represent the basis of a system that helps to maintain constant free cholesterol levels in the testis.
Materials and Methods

Animals
Guinea pig. Sertoli cell junctional membranes were studied in testes obtained from neonatal, adult, and experimentally induced cryptorchid adult guinea pigs from the Hartley strain. Five 1-10-day-old neonatal guinea pigs were obtained from gestating females purchased from Charles River (QuEbec, PQ, Canada). Five retired breeders served as the normal adults. Experimental cryptorchidism was induced surgically under sterile conditions in five adult guinea pigs weighing 250-300 g. Animals were given tetracycline orally (4 glliter) 5 days before surgery and for 2 weeks after experimental treatment. Their testes were positioned in the abdominal cavity and fixed to the wall by sutures. The deep inguinal ring was also closed with sutures. Testes were removed after 15 months of experimental cryptorchidism. For control, five animals were sham-operated. All animals were anesthetized by IP injection of sodium phenobarbital (0.9 mllkg bw) (Somnitol; MTC Pharmaceutical, Mississauga, Ontario, Canada) and 0.15 mllkg bw of a solution of 0.3 g chloral hydratelml in saline or water for injection.
In addition, local intradermal injections of a solution of 2% lidocaine-HC1 USP with epinephrine ( M E Pharmaceuticals) were performed around the incision to prevent discomfort.
Mink. Five normal 2-year-old fertile adult mink (Musteh vison) weighing 2 kg were obtained during the breeding season. Fertility was tested by evaluating the number, mobility, and morphology of spermatozoa by light microscopy. The testes of five additional adults were obtained during maximal testicular regression in July, August, and September (39). Mink were allowed 1 hr of extra daylight throughout the month of February, totaling 12 hr of lightlday. They were fed a high-protein diet.
Mallard duck. Twelve 1.3-year-old mallard ducks (AnaspLatyhynchos anatidae) were also used. The testes of six ducks were harvested in July and August during maximal seasonal testicular regression. The testes of six additional ducks were harvested in March, April, and May during the active spermatogenic phase, May being the breeding season. The mallard duck, like the mink, is an emphatic seasonal breeder, i.e., it shows dramatic testicular regressional changes (41), leaving only Sertoli cells and the so-called "winter spermatogonia" (42) or undifferentiated stem cells. The ducks wandered around freely. Ducks and mink were purchased from RBR Fur Farm (St Marys, Ontario, Canada).
Methods
Electron Microscopy of Thin Sections. Testes were perfused through the testicular artery (43) first with PBS (154 mM NaCI, 100 mM Na-phosphate, pH 7.3) to clear out the blood, and then with a diluted mixture of Karnovsky's (44) fixative in 0.1 M sodium cacodylate buffer, pH 7.3, at room temperature (RT) to preserve the cytoskeleton. Fixed tissues were diced into l-mm3 pieces and further immersed for 6-8 hr in the same fixative. Next, tissue pieces were washed several times with the same buffer, post-fixed for 6-8 hr at RT in a solution of 1% os04 in veronal acetate (45), and stained en bloc in a solution of 5 % uranyl acetate in veronal acetate buffer, pH 4.3-5.2. Dehydration was carried out in a graded series of ethanols. Tissue pieces were embedded in PolyBed 812 (PolySciences; Warrington, PA). Silver thin sections were cut with a diamond knife, collected on for"coated, carbon-stabilized grids, and examined at 80 kV with a Philips 300 electron microscope.
Freeze-fracture Replication. Some tissues used for thin sectioning were also used in the following manner for freeze-fracture replication. After fixation by perfusion, tissues were cut into l-mm3 pieces and further immersed for 6-8 hr in the same fixative at RT. Next, tissue pieces were washed with sodium cacodylate or phosphate buffer. pH 7.3, before being exposed for 24 hr to glycerol (30% glycerol in 0.2 M sodium cacodylate, pH 7.35) (46). They were frozen in liquid Freon 22 and stored in liquid Nz before being fractured in a BAF Balzer 301 apparatus at -115°C. In the present report, micrographs of freeze-fracture replicas were mounted with the shadow up.
Labeling of Free Cholesterol with Filipin. Filipin (PolySciences) was solubilized in three drops of N,N-dimethylformamide (DMF) (Sigma; St Louis, MO). The solubilized filipin was added to the fixative (32,33) to give a final concentration of 0.1% (46, 47) . The final concentration of DMF was less than 0.1%. Testes were perfusion-fixed with the filipin-fixative method and cut into 5-mm3 fragments before being sectioned into 70-100pm slices with a Vibratome (series 1000 Pelco 101) to maximize access of filipin to the tissue. The slices were exposed for 12 hr to the filipin-fixative mixture at RT with agitation. Controls included treating tissues with a DMFfmtive mixture andlor with fmtives alone. Tissues were then processed for freeze-fracture.
Counting of Cholesterol-Filipin Complexes. In Sertoli cell junctional membranes, filipin-cholesterol complexes have been documented to be more common (46, 48) and easier to identify on the E fracture face. First, we verified that seasonal arrest of spermatogenesis or any of the experimental procedures used in the present study did not cause a change of cholesterol labeling by filipin from one fracture face to the other. Next, counting of cholesterol-filipin complexes was performed only on E fracture faces of Sertoli cell junctional membrane segments. A total of 100-120 electron micrographs of Sertoli cell junctional membranes were taken for each of the eight experimental groups studied at a final magnification of x 19,960. From these micrographs, 25 to 30 junctional membrane segments presenting an E fracture face were used for each experimental group. To prevent personal bias, a coin was thrown at random onto each micrograph selected for the counting of filipin-cholesterol complexes. An area of the junctional membranes equivalent to 1 m2 was then labeled around the spot where the coin had landed and the number of filipin-cholesterol complexes was counted within the area. As an additional precaution, counting of the complexes was done without knowing to which experimental group the micrographs belonged. Data shown are the mean * SEM. Data were evaluated by one-way analysis of variance and differences between means were analyzed by the Keuls multiple-range test or the Student's t-test (49) according to the number of groups.
Labeling of Cholesterol with DAB. Testes were perfused with a cold (4'C) solution of 0.25-0.5% glutaraldehyde and 4% paraformaldehyde (cytochemical grade) (Ladd; Burlington, Vermont) in 0.1 M phosphate buffer, pH 7.3. The reduced concentration of glutaraldehyde was used to optimize the reaction between the tissue and the enzyme (38). Tissues were cut into 3-mm3 fragments and further immersed in cold fixative, yielding a total fixation period of 35 min. Next, tissues were washed in cold phosphate buffer and sectioned into 70-pm thick slices on a vibratome. Eble 1 gives the composition of the five incubation media used for localization of free, total, and esterified cholesterol and for controls.
Vibratome sections were incubated at 37°C under a 95% 0 2 and 5% CO2 controlled atmosphere twice for 4 hr in 2 ml of one of the media shown in Table 1 . Localization of total cholesterol and of free cholesterol, respectively, was achieved by separately incubating sections twice for 4 hr in fresh total and free media (Eble 1). Next, sections were washed for 15 min in either 0.05 M Tris-HC1. pH 7.6, or 0.1 M phosphate buffer, pH 7.0. Localization of esterified cholesterol was achieved by fm pre-incubating sections twice for 2 hr in fresh ester medium (Eble 1) containing cholesterol oxidase from Streptomyces sp., or Pseudomomsfluorercens (Sigma) to enzymatically oxidize the free cholesterol (36) . The cholesterol oxidase from Streptomyces sp. gave the most consistent results. Next, tissue sections were incubated in total medium (Tible 1). Another method for removal of free cholesterol was to incubate sections twice for 20 min in 70% ethanol (50) before exposing them twice for 4 hr to fresh total medium (Eble 1).
For controls, cholesterol oxidase was omitted in the control free and in the control total incubation media (Tible 1). In addition, since the specificity of the localization will reflect the specificity of the enzyme used, the specificity of cholesterol oxidase was tested in the following manner. Strips of filter paper were spotted with 0.1 mglml of cholesterol, cholesteryl myristate, cholesterol stearate, cholesterol oleate, cholesterol linoleate, leci-thin, or sphingomyelin (Sigma) in chloroform and allowed to dry under mcuum. The test strips were incubated in the same media as tissue sections. Only cholesterol gave a positive staining reaction.
Pre-incubation with DAB for 4-6 hr before adding HRP enhanced the staining. Furthermore, the addition of dimethyl sulfoxide (DMSO) 1% v/v to the incubation medium allowed a more consistent and better labeling of free cholesterol in plasma membranes than did the addition of Triton X-100, which also had the disadvantage of disturbing the cell's morphology.
After exposure to the respective incubation media for localization of cholesterol, vibratome tissue sections were osmicated for 6-8 hr at 4'C. stained en bloc overnight in uranyl acetate, dehydrated in cold ethanol, and embedded in PolyBed 812 as described above. In general, the sections were not counterstained with aqueous uranyl acetate or alkaline lead before being viewed by electron microscopy.
Results
Labeling of Free Cbolesterol witb Filz)in
Guinea Pig. In 10-day-old guinea pig, few and scattered tight junctions were formed between adjacent Sertoli cells (Figure 1, inset). Subsurface 7-nm filament bundles, 10-nm intermediate filaments, and cisternae of endoplasmic reticulum ran beneath the junctions (Figure 1, inset) . In freeze-fracture replicas, strands of junctional particles that corresponded to the tight junctions in thin junctions were incomplete and formed isolated discontinuous zond e s (Figure 1 ). On binding, filipin induced 20-nm protuberances at the sites of free cholesterol (Figure 1 ). Labeling was absent over the strands themselves but was heavy between them ( Figure 1 ).
In the adult guinea pig, continuous zonules had closely juxtaposed tight junctions (Figure 2 , inset). The junctions were separated from each other by sacculations in the discontinuous zonules (Figure 3 , inset). Actin filament bundles were present next to the junctions (Figures 2 and 3, insets) but not next to the sacculations (Figure 3 , inset).
In the continuous zonules, strands were continuous and completely surrounded each Sertoli cell ( Figure 2 ). The strands were usually straight, parallel, and typically were close to each other (Figure 3) . In discontinuous zonules, strands were incomplete, sinuous, and characteristically at a distance from each other ( Figure 3 ). Filipin labeling of cholesterol occurred in membrane segments between strands when these were at a distance from each other (Figure 3) but not between tightly packed strands ( Figure 2 ).
The effect of long-term experimental cryptorchidism on Sertoli cell junctions in adult guinea pig has been reported elsewhere (51) . In short, the treatment interfered with junction turnover by impeding the dismantling of continuous into discontinuous zonules. As (Figure 4 and inset). The subsurface filaments were missing next to the junctions (Figure 4 , inset) and many filipin-cholesterol complexes were associated with the closely packed junctional strands ( Figure 4 ).
Mallard Duck. The morphological changes in Sertoli cell junctions associated with seasonal changes in spermatogenic activity in the duck have also been reported (41). The principal feature is that, unlike the mink, neither continuous nor discontinuous zonules are accompanied by subsurface filaments during the active spermatogenic phase ( Figure Sa) . Corresponding freeze-fracture replicas of junctional membranes exhibited heavy labeling of free cholesterol by filipin, even where junctional strands were closely spaced (Figure 5b) . During testicular regression, junctions in the continuous zonules became momentarily positioned next to the lumen of the tubule, accompanied by subsurface filaments (Figure 6a ). The junctions in the discontinuous zonules were at a distance from the lumen and were typically not accompanied by subsurface filaments (Figure 6a ). Cholesterol labeling by filipin was heavy only in junctional membrane segments that were not accompanied by subsurface filaments (Figure 6b ).
Counts of Filz)in-Cbolesterol Complexes
The finding of a correlation between the presence of filipin-cholesterol complexes and the absence of subsurface filaments prompted us to quantify this phenomenon.
Figure 7 shows counts of filipin-cholesterol complexes (FCCs) per pm2 of freeze-fractured Sertoli cell junctional membranes in guinea pig, mink, and mallard duck after various treatments or at different time periods of their annual seasonal reproductive cycle. Data in Figure 7 also show that Sertoli cell junctional membranes were (+) or were not (-) accompanied by subsurface filaments.
Comparison Between Junctional Membrane Segments That Were or Were Not Accompanied by Subsurface Filaments
In the newborn guinea pig, the values obtained showed a number of FCCs in junctional membrane segments that was halfway between the values obtained in the adult guinea pig in segments that were accompanied by subsurface filaments (+) and those that were not (-) (Figure 7 ). In adult guinea pig, there were 20 times more FCCs/m2 in Sertoli cell junctional membrane segments not accompanied by subsurface filaments ( -) than in those that were (+) (Figure 7) .
During the active spermatogenic phase in the mink, there were 40 times more FCCslpm2 in segments not accompanied by subsurface filaments (-) than in those accompanied by subsurface filaments (+) (Figure 7) .
During testicular regression in the mallard duck, there were 10 times more FCCslpn2 in segments not accompanied by subsurface filaments (-) than in those accompanied by subsurface filaments (+) (Figure 7) . These results show a correlation between cholesterol labeling with filipin and the absence of subsurface filaments.
Comparison of Junctional Membrane Segments Accompanied by Subsurface Filaments
No significant difference was observed in the number of FCCslpni' in segments accompanied by subsurface filaments (+) in the normal and the experimentally induced cryptorchid guinea pig and In the other animal groups, Sertoli cell junctional membrane segments are (+) or are not (-) accompanied by subsurface filaments.
Values are means f SEM. Data were evaluated by one-way variance. The differences between means were analyzed by Keuls multiple-range test or Student's 1-test according to the number of groups. For each group, the number of Sertoli cell junctional membrane segments analyzed varied between 20 and 28. *, no significant difference: adult guinea pig (+) vs cryptorchid guinea pig (+) or vs mink during active phase (+); adult guinea pig (-) vs mink during active phase (-) . **, P<O.Ol: duck during regression phase (+) vs mink during the active phase (+), cryptorchid guinea pig (+) and adult guinea pig (+); adult guinea pig (-) and mink during active phase (-) vs mink during regression phase (-), duck during regression phase (-) , and duck during active phase (-) . ": p<O.OOOOl:
mink during active phase (+) vs mink during active phase (-); duck during regression phase (+) vs duck during regression phase (-); adult guinea pig (+) vs adult guinea pig (-). in the mink during the active spermatogenic phase (Figure 7 ) . There were more FCCs/ p2 in junctional segments accompanied by subsurface filaments (+) in the mallard duck during the regressive phase than in those of the guinea pig, whether normal or cryptorchid, and of the mink during the active spermatogenic phase (Figure 7) . The numbers of filipin-cholesterol complexes are probably not an accurate representation of the amounts of cholesterol in a given membrane. However, the high counts of complexes recorded in the duck Sertoli cell plasma membranes might reflect, in part, a real species difference in membrane cholesterol concentration dictated by the fact that in the bird the testes are abdominal and are therefore exposed to a body temperature of 40°C. 
Comparison of Junctional Membrane Segments Not Accompanied by Subsurface Filaments
There was no significant difference in the number of FCCs/m' in junctional membrane segments not accompanied by subsurface filaments (-) in normal adult guinea pig and in mink during the active spermatogenic phase (Figure 7 ) . The junctional membrane segments not accompanied by subsurface filaments ( -) contained an average of 240.67 * 14.77
FCCs/mm2 during testicular regression in the duck and mink, and during the active spermatogenic phase in the duck. This amount represented three times more F C C s / p 2 than in the same segments ( -) in normal adult guinea pig and in mink during the active spermatogenic phase (Figure 7 ) .
Labeling of Free Cholesterol with DAB
Lipid droplets, lysosomes, and cell membranes were not labeled in tissue sections incubated in control media (see Table 1 ) (Figure 8 ). Visualization of free cholesterol was selectively achieved by omitting the first step of ester hydrolysis before incubating tissue sections in the free medium ( Table 1) . The compound was localized over the plasma membrane of all testicular cells (Figures 9a and  9c ). Labeling occurred in membranes involved in adhering ( Figure  9c ). gap (Figures 9c and 9d ), or tight junctions (Figure 9d ), irrespective of whether the contacts were established between a germ cell I Figure 6 . @)Thin section of a Sertoli cell junctional complex in adult mallard duck testis harvested during the period of testicular regression. In addition to adhering and gap junctions, closely spaced tight junctions ( l ) are located next to the lumen (bottom) which, at this time of the year, is filled with a lipid plug. At this location tight junctions are accompanied by actin filament bundles (1). However, farther away from the lumen, tight junctions (T) are fewer and farther from each other.
No filaments accompany these junctions, although cisternae of endoplasmic reticulum (C) remain present. (b) E fracture face of a junctional membrane Segment equivalent to the one in a. Special care has been taken to position a and b so that the location of the lumen and that of the cell junctions roughly correspond in both micrographs. Filipin-cholesterol complexes are scarce between junctional strands of the continuous zonule which, in thin section, corresponds to the segment of the junctional complex that is accompanied by subsurface filaments. However, between the incomplete meandering junctional strands of the discontinuous zonule, filipin-cholesterol complexes (fil) are numerous. In thin section (a) each discontinuous strand corresponds to a focal tight junction not accompanied by filaments and positioned at a distance from the lumen. Original magnifications: a x 68,750; b x 75,000. Bars: a = 0.1 pm; b = 0.5 pm. Figure 10 . (a) In Sertoli cell lysosomes, free cholesterol commonly localizes in stacks of membranes (arrows) when the enzymatic technique is utilized. Arrowhead points to a small vesicle whose interior is coated with reaction product. Section from an adult mink testis harvested during the spermatogenic phase. (b) A large Leydig cell lysosome containing several curled stacks of membranes. Free cholesterol localizes in these membrane accumulations (arrows). Reaction product is more readily discernible in cross-sections than in grazing sections. Arrowhead points to heavily labeled ground substance. Section from a normal adult guinea pig treated with 1% DMSO added to the free medium (Table 1) . Original magnification x 70.000. Bar = 0.2 pm. and a Sertoli cell (Figure 9c ) or between Sertoli cells (Figure 9d ). In addition, labeling appeared in membrane segments that were (Figures 9c and 9d ) or were not (Figures 9a and 9b ) accompanied by actin andlor subsurface intermediate filaments. Free cholesterol was also localized over the mitochondrial cristae of Leydig cells (Figure 9e) and Sertoli cells. In Sertoli cells, the compound was found in the membranes of vesicles contained in or fusing with the multivesicular bodies (Figure 9f ). The limiting membrane of the lysosomes was not labeled for free cholesterol by DAB [compare the non-labeled membrane of lysosomes (Figures 9g, loa, lob, and 13) with the membrane of the multivesicular bodies ( Figure Sf) ]. In Sertoli cells and Leydig cells, lysosomes were heterogeneous in their structure (Figures 9g, loa, lob, and 13 ). The free cholesterol was localized in roughly spherical lysosomes with an uniform content of moderate density (Figure 9g ). The compound also localized over thin, dense, parallel membranes included in secondary lysosomes of Sertoli cells (Figure loa) or stacked concentrically in secondary lysosome of Leydig cells (Figure lob) . It was observed in both the (1) Free cholesterol also localizes over the membrane of small vesicles (closed arrows) situated nearby or fusing with multivesicular bodies. The membrane of the multivesicular body itself is also positively labeled (open arrow). (9) In Sertoli cells, free cholesterol typically localizes within lp0somes easily recognizable from lipid droplets by the cell membrane (closed arrow) that surrounds them. Labeling of free cholesterol using the enzymatic technique gives a dust-like appearance to the ground substance of the lysosome or forms sizeable agglomerates of reaction product. Tissue section was treated with 1% DMSO added to the free medium (Table 1) moderate-density matrix and in the concentric systems of membranes contained in larger lysosomes (Figure lob) . When tissue sections were exposed to the ester medium (Table I) , membranes were not labeled ( Figure 11 ). indicating that localization of free cholesterol was selectively achieved by the enzymatic technique.
Labeling of Esterified Cholesterol with DAB
Cholesterol esters were localized in interstitial cells, including macrophages and Leydig cells. In the seminiferous tubules, myoid cells, Sertoli cells, germ cells, and the residual bodies were labeled. In all locations, cholesterol esters were found primarily within lipid droplets, where labeling was typically heterogeneous. Both selective solubilization of free cholesterol with 70% ethanol (Figure 12 ) and selective inactivation of the compound with the oxidase from microorganisms (Figure 14a ). followed by incubation of tissue sections in fresh total or ester medium (Table I) , allowed localization of esterified cholesterol in lipid droplets (Figure 12, 13, 14a, 14b , and l5a-1Sc). Labeling occurred in droplets that were free in the cytoplasm (Figures 12. 14a, 14b, and 15a-15c ) or included within lysosomes (Figure 13 ). Visualization of esterified cholesterol was achieved in lipid droplets of Sertoli cells (Figures 12, 13, 14a , and 14b), Leydig cells ( Figure U) , and germ cells (Figures 15a-l5c) . In all locations, labeling appeared typically heterogeneous. The reaction product either ran around the rim of halos (Figure 14a ) or highlighted the limits of many lacunae (Figure 14b ) that had developed within the droplets. The technique used to localize cholesterol esters rendered tissues more vulnerable to dehydration, as evidenced by the irregular outlines of most reacted lipid droplets [compare non-reacted ( Figure 8) vs reacted (Figures 14b. and 15a-15c )I. Much of the reaction product became lost during dehydration (Figures  14b and 1% ). In addition, the reaction product had a dust-like appearance difficult to spot in darker lipid droplets (Figures 14b and  15a-1Sc) .
In germ cells, visualization of esterified cholesterol was achieved in all classes of germ cells, including round (Figure 15a ) and elongated spermatids (Figures 1Sb and 15c) . The number and size of reacted lipid droplets increased throughout spermiogenesis. Towards the end of the second third of spermiogenesis, i.e., Step 12 in the mink (Pelletier's classification, 1986) (39) . positively labeled lipid droplets were observed leaving the caudal cytoplasm of elongated spermatids (Figure 1Sb ). By Stage I, some labeled droplets were found in the lumen of the seminiferous tubules, and others still remained in the spermatids (Figure l5c ).
Discussion
Labeling of Free Cholesterol with Filzpin
One advantage of the filipin cytochemistry lies in its capacity to expose mapping of cholesterol in both thin sections and freezefractured membranes. Earlier studies showed that cell junctions were not deformed by filipin and that tight junctions prevented entry of the probe (32,33). On the basis of these findings, we used this probe to study the permeability of Sertoli cell junctions (46.52). In addition, because of its reported specificity (29) (30) (31) (32) (33) (34) . filipin has been used to map cholesterol in guinea pig developing spermatids (47) and epididymal spermatozoa (33, 53) . We have recorded distinct filipin labeling patterns in germ cells and Sertoli cell plasma membranes and have used this feature to determine to which cell type a given gap junction belongs in freeze-fracture replicas (4834). Our finding that the number of filipin-cholesterol complexes per pm2 of mink and mallard duck Sertoli cell junctional membrane increased coincidentally with the disappearance of subsurface filaments along these membranes indicates that filaments may interfere with filipin mapping of cholesterol in Sertoli cell junctional membranes. Moreover, junctional membrane segments accompanied by subsurface filaments were resistant to filipin in the continuous zonules of the continual and the seasonal breeders. The sacculations between punctate cell junctions were typically devoid of subsurface actin filaments and coincidentally bore many filipin-cholesterol complexes in the discontinuous zonules. The study supports the view that the tight, gap, and adhering junctions composing the Sertoli cell junctional complexes are not poor but rather are rich in cholesterol. The inference that junctional membranes were poor in cholesterol (32, 33) was in part based on the distribution of filipin-cholesterol complexes. The presence of cholesterol has been demonstrated biochemically in gap junctional membranes (55), yet they have been reported to resist filipin (32,33). (Table 1) . Esterified cholesterol localizes in granules included in this lysosome. Granules display a density similar to that of a lipid droplet (arrow). There is no reaction product on the membrane (arrowhead) of the lysosome. Section from adult mink testis obtained during the spermatogenic phase. Original magnification x 57,456. Bar = 0.1 pm. Figure 14 . Labeling of cholesterol ester in sections pre-incubated in ester medium (Table 1) Adhering junctions have been documented to possess high cholesterol contents (56), yet labeling by filipin was recorded only when subsurface filaments were experimentally disorganized (57). Similar findings were recorded after experimental disruption of dense bodies in smooth muscle interband membranes (58).
Multimolecular filipin-cholesterol complexes probably cannot deform membrane segments made rigid by subsurface filaments, since the enzymatic technique allows cholesterol localization in the same membranes irrespective of the presence of subsurface filaments along them. This finding adds further support to the growing number of reports recognizing discrepancies between filipin labeling and the actual presence of cholesterol (57-65) . The real significance of filipin labeling pattems may lie in identlfying membrane regions of filament-induced rigidity rather than in revealing an accurate distribution of cholesterol. The junctional strand grouping and cell junction modulation along the Sertoli cell plasma membrane could be dictated by distinct local rigidity characteristics imposed by different junction-associated subsurface filament patterns accompanying various segments of the membrane. The filaments may dictate continuous zonule formation near the base, whereas towards the apex they could influence junction disassembly into discontinuous zonules. The filaments are neither contractile (66,67) nor vital to junctional permeability (41), but they apparently induce rigidity of Sertoli cell plasma membranes (66-68).
Enzymatic Localization of Free Cholesterol
The present study constitutes the first ultrastructural selective localization of free cholesterol and cholesteryl esters in testicular cells using the enzymatic technique developed by Jones and Miyai (37) . We documented free cholesterol in plasma membranes whether or not these were involved in cell contacts or accompanied by subsurface filaments. The results are in agreement with the widely accepted view that plasma membranes are relatively rich in sterols (for review see 69), but they contradict previous reports based on filipin cytochemistry suggesting that junctional membranes were poor in cholesterol (32,33). Interestingly, cholesterol was not detected in intracellular membranes such as endoplasmic reticulum, where it is generally agreed to be synthesized (69). This finding is also in agreement with an earlier observation that sterol synthesis proceeds in membranes of low sterol content (69).
The technique did not localize cholesterol in the membrane surrounding the lysosomes themselves, perhaps reflecting a different composition at this location. Lysosomes are apparently surrounded by a membrane that needs to resist lysosomal enzymes. However, the membrane surrounding some multivesicular bodies was positively labeled, revealing a possible plasma membrane affiliation. In addition, there was much free cholesterol in membrane segments stacked in lysosomes. These segregated membrane segments may represent an intracellular "pool" of free cholesterol that is functionally isolated from the pool of locally synthesized cholesterol. A similar "pool model" has been suggested to explain the functional duality of exogenous and endogenous cholesterol in en terocytes (70,71) . Locally formed free cholesterol could be carried by vesicle-mediated transport from its site of synthesis to the target plasma membrane, as was once proposed for phospholipids ( 7 2 ) for maintenance of optimal fluidity. The enzyme technique allowed visualization of free cholesterol in the membranes of mitochondrial cristae in testicular cells. This observation is in agreement with the finding that isolated Sertoli cells are capable of in vitro conversion of acetate into cholesterol (73). Both Leydig cells ( 7 4 ) and Sertoli cells in culture ( 7 3 ) have the capacity to synthesize cholesterol de novo from acetate.
Enzymatic Localization of Ester$eed cholesterol
The suggestion that Leydig cell lipid droplets were accumulations of esterified cholesterol was largely based on the endocrinological observation that increases in testosterone production and plasma testosterone concentration occurred at times when the droplets were  depleted (75-79) . Early attempts to localize cholesterol esters histochemically in Leydig cells (26,27) and Sertoli cells (28,80) were unspecific. Recently, Ning et al. (81) concluded that cathodoluminescence was derived from cholesterol esters and a mixture of lipids, including vitamin A esters in Leydig cells and Sertoli cells, using analytical color fluorescence electron microscopy.
In the present work, selective visualization of esterified cholesterol was achieved in lipid droplets of Sertoli cells, myoid cells, Leydig cells, and macrophages. In addition, all germ cells possessed positively labeled droplets. Some of the droplets contained in the germ cells were discharged into the lumen before the release of spermatids during spermiation. Our data are also in accordance with histochemical studies showing that, in the rat, the major part of the cytoplasmic material shed by the spermatids was released with the spermatozoa (3). %ken together, these results and other morphometric data ( 8 2 ) strongly suggest that reabsorption of cholesterol esters, which is reported to occur during phagocytosis of residual bodies by Sertoli cells (13,83,84) , probably contributes considerably smaller amounts to the cholesterol pool than suggested by the early studies on testicular lipid recycling (13,83,84) . In fact, the proportion of free to total cholesterol increases to 95%, leaving only 5 % of esterified cholesterol after puberty; before puberty, esterified cholesterol represents 50% (76,85).
Cholesterol Dynamics in Testicular Cells
In the testis, the majority of cholesterol is contained within the tubules ( 7 6 ) , but passage of the compound from the blood into the tubules is prevented by the blood -testis barrier (86,87) . The cyclic production and release of large numbers of spermatozoa whose membranes do contain cholesterol ( 8 8 ) would be expected to induce cyclic fluctuations in the demand, storage, and metabolism of this lipid. However, the free cholesterol levels have been reported to remain unchanged before and after puberty (89), suggesting a minor influence of either spermatogenesis or the continual release of spermatozoal membranes on these levels. The Sertoli cells are probably exposed to a continuous but small influx of cholesterol esters contained in the lipid droplets that are cast off from the germ cells and reabsorbed in part during phagocytosis of residual bodies in the lysosomes. The rate of local cholesterogenesis probably affects the esterification of absorbed cholesterol, as demonstrated in the intestine (70,71) . This might explain the various densities routinely observed in lipid droplets of the seminiferous epithelium. Sertoli cells may synthesize free cholesterol from acetate (73), per-haps to ensure constant optimal membrane fluidity for cell survival, while concomitantly receiving cholesterol esters from germ cells during phagocytosis of residual bodies. The latter compound could be used as a reservoir should cholesterol demands suddenly increase.
Data found in the turtle suggest that Leydig cell-born steroids contribute significantly to androgen from the plasma, whereas Sertoli cell-produced steroids act locally to influence tubule function in the testis (90) . The enzymatic technique permitted visualization of cholesterol in Leydig cells and macrophages. This may suggest that macrophages are part of a system for partial recycling of sterols, not unlike the one favoring phagocytosis of residual bodies by Sertoli cells. During testicular regression in pinnipeds (91) and bat (14) , macrophages of the interstitial tissue have been suggested to help remove lipofuscin from Leydig cells in preparation for a recrudescence of steroidogenic activity.
Conchsion
Sertoli cell junctional membranes are rich in cholesterol, but filipin failed to label the compound in parts of the membranes associated with subsurface filaments. Selective localization of unesterified and esterified cholesterol by the enzymatic method provides a more complete picture of the distribution of the compounds in testicular cells. With this technique, the cholesterol is found compartmentalized in testicular cells. The free unesterified cholesterol is localized in membranes. The esterified cholesterol is localized in lipid droplets and probably represents the exogenous origin of the compound.
